The adsorption performance of a Cu-TiO 2 composite for removing acid blue 80 (AB80) dye from aqueous solutions was investigated in terms of kinetics, equilibrium, and thermodynamics. The effect of operating variables, such as solution pH, initial dye concentration, contact time, and temperature, on AB80 adsorption was studied in batch experiments. AB80 adsorption increased with increasing contact time, initial dye concentration, and temperature and with decreasing solution pH. Modeling of adsorption kinetics showed good agreement of experimental data with the pseudo-second-order kinetics model. The experimental equilibrium data for AB80 adsorption were evaluated for compliance with different two-parameter, three-parameter, and four-parameter isotherm models. The Langmuir isotherm model best described the AB80 adsorption equilibrium data. The thermodynamic data revealed that the AB80 adsorption process was endothermic and nonspontaneous. Kinetics, equilibrium, and thermodynamic results indicate that Cu-TiO 2 adsorbs AB80 by a chemical sorption reaction.
Introduction
Synthetic dyes are extensively used in many industries, such as textiles, printing, paper, leather, rubber, food, cosmetics, plastics, pharmaceuticals, and photography [1] .
Large quantities of industrial wastewater containing synthetic dyes are directly discharged into water bodies without treatment, which has caused serious pollution problems in many areas [2] and has been a cause of concern because of the potential health hazards of dyes [3] . Dye-colored wastewater also affects aesthetics and water transparency, as well as the natural equilibrium of aquatic systems resulting from reduced oxygenation of the water bodies, and low photosynthetic activity and viability of aquatic plants due to water coloration [4] . Therefore, the removal of synthetic dyes from contaminated water and wastewater is presently recognized to be essential to protecting aquatic and terrestrial environments and public health and well-being [3] .
However, dye-polluted wastewater is among the most difficult industrial wastewater types to treat [5] because most of the synthetic dyes are recalcitrant organic molecules that are highly resistant to microbial degradation, extremely soluble in water, and resistant to heat, light, and oxidizing agents [3, 6] .
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Among several treatment technologies available for dye removal from aqueous solutions, photocatalytic degradation processes have been found to be efficient technologies for the removal of organic dyes from wastewater [7] [8] [9] [10] . In this context, titanium dioxide (TiO 2 ) has become one of the most promising photocatalysts for complete mineralization of many toxic and nonbiodegradable organic compounds due to its chemical-biological inertness, availability, durability, high photocatalytic activity, long-term stability against photochemical corrosion, high refractive index, excellent optical transmittance, ecofriendly nature, and cost effectiveness [11, 12] . However, to improve the photocatalytic activity of TiO 2 and to extend its photoresponse capacity to the visible region, TiO 2 has been doped with various transition metal ions [12, 13] . A promising TiO 2 dopant is divalent copper [Cu(II)], a relatively abundant metal with low cost that may extend the light absorption to the visible region, modify the TiO 2 valence band spectrum, and improve photocatalytic activity [14, 15] .
A crucial and primary stage in photocatalytic processes is the adsorption of reacting substances onto the surface of the photocatalysts [16, 17] . It is well known that photodegradation of organic molecules is closely related to their adsorption on the photocatalyst surface, thus facilitating electron injection from the adsorbed excited molecules to the photocatalyst [11, 18] . Therefore, prior adsorption of organic substances onto the photocatalysts' surface is indispensable for achieving higher photodegradation efficiencies and rates in heterogeneous photocatalysis [11, 14, 18, 19] . Similarly, understanding the effect of environmental parameters (e.g., contact time, solution pH, initial adsorbate concentration, and temperature) on adsorption, as well as the mechanism of adsorption, is essential for understanding the performance of photocatalysts and the kinetics of the photocatalytic reaction and for developing optimized photocatalytic processes [20] . In this context, the mechanism of adsorption can be elucidated from adsorption kinetics, isotherm, and thermodynamic studies.
Hence, the present study assesses the adsorption capacity of a new Cu-TiO 2 photocatalyst for acid blue 80 (AB80) dye, which is an anionic anthraquinone dye widely used in detergents, textiles (e.g., wool and nylon), disinfectants, sterilants, sanitation, cosmetics, pesticides, and preservative applications. AB80 is highly resistant to degradation due to its fused aromatic structure [5, 21] and has been identified by the Canadian Ministers of the Environment and Health as a priority substance because of its potential environmental persistence, bioaccumulation, and toxicity to aquatic organisms [21] .
In the present work, a Cu-TiO 2 composite was synthesized and characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), energy dispersive X-ray spectroscopy (EDS), and UV-Vis scanning spectroscopy, as well as in terms of specific surface area and pore size distribution. Likewise, the effects of important parameters on AB80 adsorption by the Cu-TiO 2 composite, such as solution pH, initial AB80 concentration, contact time, and temperature, were investigated. Besides this, the adsorption mechanism of AB80 onto Cu-TiO 2 was assessed in terms of kinetics, equilibrium, and thermodynamics. CuSO 4 ⋅5H 2 O solution in ethanol were separately sonicated for 1 h each; subsequently, the samples were mixed and sonicated for 15 min. The pH of the resulting suspension was adjusted to 9.0 with 1 M NaOH. Afterwards, the solid was separated by centrifugation, washed with distilled deionized water, oven-dried at 40 ∘ C for 12 h, and calcined in air at 450 ∘ C for 1 h.
Materials and Methods
The resulting Cu-TiO 2 composite was then characterized in terms of specific surface area, pore volume, and average pore diameter using nitrogen adsorption-desorption at 77.35 K, which was conducted using a gas sorption analyzer (Quantachrome, NOVA 4200e series, USA). The specific surface area was determined from isotherms using the BrunauerEmmett-Teller (BET) equation, and the pore size distribution was determined using the Barrett-Joyner-Halenda (BJH) method.
The morphological and surface characteristics of CuTiO 2 composite were observed using a field emission scanning electron microscope (FE-SEM, JEOL, JSM-7401F) operating at 20 kV, equipped with an energy dispersive X-ray spectrometry (EDS) system. The chemical analysis of CuTiO 2 composite was determined by EDS.
Analysis of the crystalline phase of Cu-TiO 2 composite was performed by X-ray diffraction (XRD) using PANalytical X'Pert PRO MOD diffractometer, operated with Cu K radiation (wavelength = 1.54050Å) at 45 kV and 40 mA. XRD patterns were collected in 2 range from 10 to 90 ∘ with a scan rate of 0.026 ∘ per 40 s and a step size of 0.026 ∘ . The optical properties of the Cu-TiO 2 composite were studied using UV-Vis spectroscopy in the wavelength range of 240-800 nm. The optical band gap ( ) was estimated following the procedures described by Mathews et al. [22] and Pihosh et al. [23] .
Determination of the Point of Zero Charge (PZC).
The pH at which the adsorbent surface has a neutral net charge is referred to as the point of zero charge (PZC). In the present work, PZC was determined by a batch equilibrium method, following the procedures outlined by Hasan et al. [24] .
Kinetics Studies of AB80 Adsorption and Analytical Methods. Batch kinetics adsorption experiments were conducted
Journal of Nanomaterials 3 to assess the influence of solution pH, initial AB80 concentration, shaking contact time, and temperature on AB80 adsorption from aqueous solutions by the Cu-TiO 2 composite. All of the experiments were performed in 500 mL Erlenmeyer flasks containing 120 mL of AB80 solution of known concentration and 1 g (dry weight) L −1 of Cu-TiO 2 . Throughout the course of the experiments, the pH of each AB80 solution was maintained at a constant value (±0.1 units) by periodic checking and adjustment where necessary with 0.1 M HCl or NaOH solutions. Flasks were agitated in a shaker at a constant 120 rpm shaking speed. All AB80 adsorption experiments were performed in the dark to avoid dye removal by photocatalytic processes.
The effect of solution pH levels on Cu-TiO 2 AB80 adsorption was assessed in AB80 solution at 30 mg L −1 initial dye concentration with different pH values ranging from 1.0 to 8.0 ± 0.1, at 25 ± 1 ∘ C. To examine the influence of initial AB80 concentration on kinetics performance, experiments were conducted with AB80 concentrations ranging from 10 to 150 mg L −1 , at 25 ± 1 ∘ C. The effect of temperature on the kinetics of AB80 adsorption was studied by varying temperature from 25 to 60 ± 1 ∘ C, and two initial AB80 concentrations were used (30 and 120 mg L −1 ).
To check for AB80 adsorption onto glass, AB80 precipitation, and/or AB80 photolysis, Cu-TiO 2 -free controls were run concurrently and under exactly the same operating conditions as those used for the AB80 adsorption experiments. Throughout the experiments conducted in this work, no change in AB80 concentration was detected in the CuTiO 2 -free controls, which indicates that the observed AB80 removal in the experiments with the Cu-TiO 2 composite was only due to the adsorbent.
Samples were collected after different times of contact between the Cu-TiO 2 composite and AB80 solutions and centrifuged at 8000 rpm for 20 min. The supernatants were subsequently analyzed spectrophotometrically (Genesys 10 UVVisible, Thermo Electron Scientific Instruments Corporation) at 626 nm wavelength to quantify the residual AB80 concentration.
Equilibrium Studies of AB80 Adsorption.
For the equilibrium adsorption experiments, 1 g L −1 of Cu-TiO 2 composite was brought into contact with solutions of different initial AB80 concentrations (10-150 mg L −1 ) at 25 ∘ C, with constant agitation at 120 rpm for 2 h to ensure adsorption equilibrium was reached. Afterward, samples were collected and centrifuged at 8000 rpm for 20 min, and the obtained supernatants were subsequently analyzed for AB80 concentration.
Estimation of AB80 Adsorption
Capacity. The capacity of AB80 adsorption ( , mg g −1 ), which represents the amount of AB80 removed at time by the unit mass (dry weight) of Cu-TiO 2 composite, was calculated according to the following mass balance relationship:
where 0 and (mg L −1 ) are the initial and residual AB80 concentrations at times 0 = 0 h and = (h), respectively, is the solution volume (L), and is the dry weight of CuTiO 2 composite (g).
Adsorption Kinetics Modeling.
The dynamics of AB80 adsorption onto the Cu-TiO 2 composite were analyzed using the Elovich, fractional power, pseudo-first-order, and pseudo-second-order kinetics models ( 
Statistical and Data Analysis.
Three independent replicates confirmed that the AB80 adsorption experiments were reproducible within a 5% error, and mean values are reported herein. AB80 adsorption data were statistically analyzed by analysis of variance (ANOVA; Tukey's method; overall confidence level = 0.05) using GraphPad Prism software version 6.0c (GraphPad Software, Inc.).
All kinetics, isotherm, and thermodynamic parameters of the models were evaluated by nonlinear regression analysis of the experimental data using the MATLAB R2010b software (The MathWorks Inc.). The determination coefficients ( 2 ), the residual or sum of squares error (SSE), and the root mean squared error or standard error (RMSE) of the estimate, as well as the 95% confidence intervals of the model parameters, were used with the purpose of measuring the goodness-of-fit of the mathematical models. Good curve fitting was indicated by 2 values close to 1.0, small RMSE and SSE values, and narrow 95% confidence intervals. 2 Composite. The specific surface area and porosity are important characteristics of adsorbents. Surface area and pore size distribution were analyzed by N 2 adsorption and desorption studies. The adsorption-desorption isotherm and the derived pore size distributions are illustrated in Figure 1 . The N 2 isotherm of Cu-TiO 2 is a type IV IUPAC isotherm, which is observed in mesoporous solids. This isotherm also exhibited a type H3 hysteresis loop (Figure 1(a) ), which is characteristic of slitshaped pores [31] . The specific surface area was found to be Table 1 : Kinetic, isotherm, and thermodynamic models. Pseudo-first-order
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, activation energy [kJ mol As it is evident from Figure 1 (b), the Cu-TiO 2 sample has an extended mesopore structure with a total pore volume of 0.011 cm 3 (STP) g −1 and an average pore diameter of 3.16 nm.
Field emission scanning electron microscopy (FE-SEM) has been widely used to examine the morphological and surface characteristics of different materials. In the present study, FE-SEM micrographs reveal that Cu-TiO 2 particles have a smooth surface, show round to ovoid shape, and form agglomerates of different morphology (Figures 2(a)-2(c) ). This is because small copper oxide particles formed during the annealing process accumulate and grow on the TiO 2 surface, resulting in the formation of agglomerates of different sizes (140-220 nm). Similar results were previously reported by Villanueva-Jaramillo et al. [32] and Hernández et al. [33] , who used similar reaction conditions for the preparation of a Cu-TiO 2 composite.
Results from EDS show that the Cu content of Cu-TiO 2 composite was high (6.6% w/w) (Figure 2(d) , Table 2 ). Low sulfur content (0.82% w/w) was detected in the composite, whose presence may be due to the incomplete decomposition of the doping precursor (CuSO 4 ) at 450 ∘ C. The XRD patterns of Cu-TiO 2 are shown in Figure 2 (e). The diffraction peaks of both anatase phase and rutile phase of TiO 2 were well defined. In addition, peaks at 2 of 32.4 ∘ and 56.5
∘ were ascribed to diffraction of (110) and (021) planes of CuO, respectively; while the diffraction peak observed at 2 of 42.3 ∘ corresponds to the (200) plane of Cu 2 O. The presence of copper oxides in the Cu-TiO 2 composite is due to the doping precursor (CuSO 4 ) and to the composite synthesis methodology used in the present work. Under the conditions of the present synthesis method, Cu from CuSO 4 precipitates as Cu(OH) 2 on TiO 2 under alkaline conditions (pH 9.0), which subsequently transforms into copper oxides on annealing at 450 ∘ C. Figure 2 (f) shows that the optical band gap ( ) shifts from 3.18 eV (390 nm) for the undoped TiO 2 to 2.3 eV (539 nm) for the Cu-doped TiO 2 . The observed value of band gap for the Cu-TiO 2 composite is similar to that reported (2.83 eV) by Karunakaran et al. [34] for a Cu-TiO 2 composite capable of degrading organic compounds under visible light irradiation.
In the present work, the photocatalytic performance of Cu-doped TiO 2 and undoped TiO 2 composites was tested by degrading 10 mg AB80 L −1 under visible light irradiation. The Cu-doped TiO 2 exhibited a degradation efficiency of 70%, whereas the undoped TiO 2 was not capable of degrading the AB80 dye over a 4 h period (data not shown). The better photocatalytic performance of Cu-TiO 2 can be attributed to the following reasons. As the valence of Cu 2+ ions is less than that of Ti 4+ , doping with Cu induces oxygen vacancies, which act as the active sites for water dissociation on the surface of TiO 2 and can also act as charge carriers of holes (positive effect), while facilitating the separation of photoinduced electronhole pairs. Oxygen vacancies can efficiently transfer photoinduced electrons to reduce the recombination of electron-hole pairs and thus enhance the visible light photocatalytic activity of TiO 2 [15, 35, 36] . Furthermore, the Cu-TiO 2 composite exhibits an enhanced light harvest in both the UV and visible light regions, enabling much more light energy to be utilized for photocatalysis [36] .
Determination of Point of Zero Charge (PZC).
The surface charge of Cu-TiO 2 highly depends on the solution pH and affects its adsorption capacity and consequently the photocatalytic oxidation. The pH at which the net charge of the adsorbent is zero is known as the point of zero charge (PZC) or isoelectric point, and it can be used to assess the adsorbent surface charge qualitatively [19] . The PZC of Cu-TiO 2 was found to be 5.65 (Figure 3(a) ). Hence, for solution pH values lower than 5.65, the surface of the Cu-TiO 2 becomes positively charged, and the opposite occurs for solutions with pH higher than 5.65.
The PZC of Cu-TiO 2 is different from that reported for TiO 2 , which ranges from 6.2 to 6.9 [19] , and this can be ascribed to the addition of the doping metal [Cu(II)]. This result is in agreement with other studies that have shown that PZC depends on the chemical composition of both the particle surfaces and the surrounding solvent [19, 37, 38] .
Effect of pH on AB80 Adsorption
Kinetics. The pH of a dye solution is a key environmental parameter in the adsorption process because it affects the surface charge of the adsorbent, the ionization state of the dye molecule, and the solubility of dyes in the aqueous solution [39, 40] . Figure 3(b) shows the variations in AB80 adsorption capacity of Cu-TiO 2 with respect to contact time at different pH values ranging from 1.0 to 8.0. It is evident that the adsorption of AB80 onto the Cu-TiO 2 composite showed strong pH dependence. The capacity of Cu-TiO 2 for adsorbing AB80 increased as the solution pH decreased and reached its highest level at pH 1.0. A similar behavior has been observed in the adsorption of reactive red 198 on TiO 2 [41] , acid green 25 on alginate-TiO 2 [42] , and N719 on TiO 2 [43] .
The interpretation of the effect of solution pH on AB80 adsorption onto Cu-TiO 2 can be well-explained with the help of the PZC of Cu-TiO 2 . For AB80 solutions with pH < PZC (i.e., below pH 5.65), the net surface charge of Cu-TiO 2 is positive due to the adsorption of protons (H + and H 3 O + ), which favored the adsorption of anionic AB80 due to electrostatic attraction. In contrast, the decrease in AB80 adsorption capacity observed at pH values of dye solution > PZC may be due to the electrostatic repulsion between the negatively charged Cu-TiO 2 surface and the anionic AB80 dye and also to the competition between OH − ions and AB80 molecules for occupancy of the binding sites [4, 42, 44] . However, the Cu-TiO 2 composite could still adsorb AB80 dye at higher solution pH, which indicates that the electrostatic mechanism was not the only mechanism for AB80 adsorption in this system. Cu-TiO 2 could also adsorb AB80 dye molecules via hydrogen bonding and hydrophobic mechanisms [45] . Nevertheless, the AB80 adsorption capacity of Cu-TiO 2 at solution pH values < PZC was much higher than that obtained at pH > PZC, suggesting that the electrostatic interaction was the main mechanism.
The optimal solution pH for AB80 adsorption onto the Cu-TiO 2 composite was 1.0, and this pH was therefore used in further experiments. Figure 4 shows the variations in AB80 adsorption capacity with respect to adsorption time at different initial AB80 concentrations ranging from 10 to 150 mg L −1 . At all of the tested initial dye concentrations, AB80 adsorption capacity gradually rose as experimental adsorption time passed until adsorption capacity reached a maximum constant value that corresponded to the equilibrium adsorption capacity (exp ) value. Likewise, regardless of initial AB80 concentration, the rate of the AB80 adsorption process was fast during the first 15 min of contact time, and this may be because a large number of positively charged active sites are available for adsorption of AB80 on the CuTiO 2 surface. Thereafter, AB80 adsorption rate decreased gradually until the dynamic equilibrium was reached within the first 60 min; at this point, the active Cu-TiO 2 sites were all occupied by AB80 molecules. The short duration of the present experiments indicates that the AB80 adsorption is kinetics-controlled rather than diffusion-controlled process [19] . It is clear from Figure 4 that the AB80 adsorption capacity increased as the initial dye concentration increased from 10 to 90 mg L −1 . This effect may be due to the higher availability of AB80 molecules in aqueous solution, which enhanced the interaction between the AB80 dye molecules and the CuTiO 2 composite. Higher AB80 concentration also increases the driving force of the dye concentration gradient to overcome the resistance to the mass transfer of AB80 between the aqueous phase and the solid phase of Cu-TiO 2 , which 8 Journal of Nanomaterials 
Influence of Contact Time and Initial AB80 Concentration on Dye Adsorption.
Pseudo-first-order Pseudo-second-order increases the probability of collision between AB80 molecules and active Cu-TiO 2 sites and thus leads to enhanced adsorption capacity [4, [45] [46] [47] [48] . In contrast, at initial AB80 concentrations between 90 and 150 mg L −1 , the adsorption capacities were very similar; this was probably due to the saturation of the adsorption active sites. It is apparent from the above results that saturation of the Cu-TiO 2 surface with AB80 molecules is dependent on initial dye concentration.
The contact time required to reach equilibrium is an important parameter from a practical and economical point of view. As seen in Table 3 , the equilibrium time (exp ) increased from 21 to 40 min with increasing initial AB80 concentration from 10 to 150 mg L −1 , and this increase was observed because Cu-TiO 2 adsorbed larger amounts of AB80 as the initial dye concentration increased. Figure 5 shows that, at the two initial AB80 concentrations (30 and 120 mg L −1 ) tested, the Cu-TiO 2 AB80 adsorption capacity and rate increased with rising temperature of the adsorption system from 25 to 60 ∘ C, and consequently the time required to reach equilibrium decreased as the temperature increased 
Effect of Temperature on AB80 Adsorption.
Pseudo-first-order Pseudo-second-order ( Table 4 ). These results indicate that the adsorption process was endothermic in nature and that a chemical reaction between AB80 molecules and the Cu-TiO 2 surface is involved in the adsorption process [49] .
The larger AB80 adsorption capacity and rate at higher temperature may be due to the following: (1) an increase in kinetic energy, which facilitates the diffusion of dye molecules to the active Cu-TiO 2 adsorption sites, (2) a decrease in the thickness of the boundary layer surrounding the adsorbent, which, in turn, decreases the mass transfer resistance of dye molecules in the boundary layer, and (3) an increase in the Cu-TiO 2 surface activity [44, 50] .
Kinetics Modeling of AB80 Adsorption onto Cu-TiO 2 .
Kinetics profiles of AB80 adsorption were modeled to determine the rate-controlling mechanisms involved in the adsorption process. For this purpose, the Elovich, fractional power, pseudo-first-order, and pseudo-second-order kinetics models were used to analyze the experimental adsorption data at different initial AB80 concentrations and temperatures. Tables 3 and 4 list the experimental equilibrium adsorption capacity (exp ), the parameter values of the Elovich ( and ), fractional power ( and V), pseudo-first-order ( 1 and 1 ), and pseudo-second-order ( 2 , 2 , and ℎ) kinetics models for AB80 adsorption at initial AB80 concentrations from 10 to 150 mg L −1 , and temperatures from 25 to 60 ∘ C, together with the corresponding 2 , RMSE, SSE, and 95% confidence interval values.
The determination coefficients were higher with the pseudo-second-order model, and the RMSE and SSE values were lower than those obtained with the Elovich, fractional power, pseudo-first-order, and pseudo-second-order models, which denotes a good agreement of experimental data with the pseudo-second-order model for the initial AB80 concentrations and temperatures tested. Moreover, the equilibrium adsorption capacity ( 2 ) values predicted by the pseudo-second-order kinetics model agree very well with the experimental data (exp ). Additionally, the pseudo-secondorder model successfully described the kinetics profiles of AB80 adsorption from aqueous solutions onto Cu-TiO 2 at the assayed initial AB80 concentrations and temperatures (continuous lines in Figures 4 and 5) . According to these results, the AB80 adsorption kinetics on Cu-TiO 2 are best described by the pseudo-second-order model, which is based on the assumption that the rate-limiting step may be chemical sorption or chemisorption involving valence forces through the sharing or exchange of electrons between the adsorbent (Cu-TiO 2 ) and sorbate (AB80) [19] . This result is in agreement with that reported by Bourikas et al. [51] , who proposed that the adsorption of sulfonic acid dyes on TiO 2 occurs via the sulfonic group of the azo dye through the formation of a bidentate inner sphere surface complex.
The pseudo-second-order model is also the most suitable to describe the adsorption kinetics of reactive red 195 on TiO 2 [19] , C.I. basic blue 41 on N,F-codoped flower-like TiO 2 [12] , direct red 80 and acid green 25 on sodium alginate-TiO 2 [42] , and methylene blue on polypyrrole-TiO 2 [45] , among others.
Results also show that the pseudo-second-order model rate constant ( 2 ) was strongly dependent on the initial AB80 concentration and temperature. The rate constant 2 decreased as the initial AB80 concentration increased (Table 3) , which may be observed because, at higher initial AB80 concentrations, the Cu-TiO 2 composite adsorbed larger amounts of AB80 and therefore required longer contact times to reach equilibrium. This trend has also been reported for other adsorption systems [19, 52, 53] .
Furthermore, at the two initial AB80 concentrations assayed, 2 values increased as the temperature of the adsorption system rose (Table 4) . This can be explained on the basis of increases in the interactions between AB80 molecules and the Cu-TiO 2 composite with increasing temperature, which confirms that the AB80 adsorption rate is faster at higher temperatures, as well as confirming the endothermic nature of the adsorption process [4, 44] .
Likewise, the initial adsorption rate (ℎ) tended to increase as the initial AB80 concentration (Table 3) and temperature (Table 4 ) increased, which confirms that the initial AB80 adsorption rate increased with the rise in initial dye concentration and temperature. Figure 6 presents the equilibrium isotherm for AB80 adsorption onto Cu-TiO 2 at pH 1.0 and 25 ∘ C. It is evident that the equilibrium adsorption capacity ( ) increased gradually with the increase in the equilibrium AB80 concentration ( ) until it reached a maximum constant value, of approximately 19.78 mg g −1 . The shape of the AB80 adsorption isotherm indicates that as active adsorption sites of Cu-TiO 2 are occupied, it becomes more difficult for AB80 molecules to find available Cu-TiO 2 adsorption sites; that is, it suggests a progressive saturation of the Cu-TiO 2 composite [53] .
Adsorption Isotherm Modeling of AB80 onto Cu-TiO 2 .
The shape and initial slope of the AB80 adsorption isotherm belong to the type L isotherm of the Giles classification [54] , which is generally associated with the adsorption of a monomolecular layer of adsorbate with a minimum competition for the solvent, a high affinity between adsorbate and adsorbent, and the occurrence of a chemisorption reaction between adsorbate and adsorbent [55] .
In the present study, the experimental equilibrium data of AB80 adsorption onto Cu-TiO 2 were analyzed using two-(Langmuir, Freundlich, Halsey, and Dubinin-Radushkevich), three-(Koble-Corrigan, Sips, Redlich-Peterson, Toth, and Khan), and four-parameter (Fritz-Schluender) isotherm models. Figure 6 shows the predicted fittings of the isotherm models to the experimental data, and Table 5 shows the model parameter values along with 95% confidence intervals, as well as 2 , SSE, and RMSE values.
The Langmuir model was found to have the best fit to the experimental data of AB80 adsorption among the twoparameter isotherm models, with a high determination coefficient ( 2 = 0.994) and low RMSE (0.259) and SSE (0.203) values. In contrast, the Freundlich, Halsey, and DubininRadushkevich isotherm models were unable to describe the experimental equilibrium data, having lower coefficients of determination and higher RMSE and SSE values than those of the Langmuir model.
All of the three-parameter models (Koble-Corrigan, Sips, Redlich-Peterson, Toth, and Khan) as well as the fourparameter (Fritz-Schluender) model had high coefficients of determination and lower RMSE and SSE values. However, the 95% confidence intervals of the Koble-Corrigan, RedlichPeterson, Khan, and Fritz-Schluender isotherm parameters were wider than those of the Langmuir model. These models were therefore not suitable to describe the experimental isotherm. Furthermore, the maximum AB80 adsorption capacities ( max ) predicted by the Toth and Khan models were substantially lower and higher, respectively, than that found experimentally (19.78 mg g −1 ), and consequently these isotherm models did not properly describe the adsorption equilibrium of AB80 by Cu-TiO 2 . Moreover, the Sips model rendered a coefficient of determination, RMSE and SSE values, and 95% confidence interval similar to those of the Langmuir model, and consequently neither the Langmuir model nor the Sips model showed any added advantage (Table 5 ). However, the exponent value of the Sips model was close to 1.0, with which value this isotherm model is reduced to the Langmuir model [4] . Based on these results, the Langmuir model agrees best with the experimental equilibrium data for the adsorption of AB80 by Cu-TiO 2 . The applicability of the Langmuir model to the adsorption system under investigation suggests that the AB80 adsorption behavior of Cu-TiO 2 follows a homogeneous monolayer chemisorption process [56] . The Langmuir model also fitted the equilibrium data of AB80 adsorption by TiO 2 [57] .
The Langmuir model has great practical importance because it is simpler than the three-and four-parameter isotherm models and can consequently be applied and interpreted more easily and may therefore be especially useful for designing and scaling up adsorption processes [4] .
The Langmuir model predicted a maximum AB80 adsorption capacity of 22.23 mg g −1 , which approximates the experimental AB80 adsorption capacity at equilibrium (19.78 mg g −1 ). The AB80 adsorption capacity of Cu-TiO 2 is similar to that reported for TiO 2 at pH 6.0 and higher than that found at pH 9.0 [57] .
Furthermore, the Langmuir equilibrium affinity constant ( ) was 0.0465 L mg −1 (Table 5) , and this was used to calculate the dimensionless Hall separation factor ( ) and the surface coverage ( ), which are helpful to predict whether the adsorption system is "favorable" or "unfavorable" and to predict the fraction of Cu-TiO 2 adsorption sites occupied by AB80 molecules at equilibrium, respectively. Figure 7(a) shows that the Hall separation factor decreased as the initial AB80 concentration increased, which indicates that AB80 adsorption is enhanced as the starting concentration of the dye in solution increases. Furthermore, all values obtained were between 0 and 1.0, indicating that the AB80 adsorption by Cu-TiO 2 was favorable. Figure 7(b) shows that the surface coverage tends to approach unity with an increase in initial AB80 concentration, which indicates that the Cu-TiO 2 surface was almost completely covered with a monomolecular layer of AB80 molecules at the higher AB80 concentrations.
To the best of our knowledge, no previous research has been reported on AB80 adsorption by doped TiO 2 .
AB80 Adsorption Thermodynamics.
Thermodynamic studies for the present adsorption of AB80 onto Cu-TiO 2 were undertaken to elucidate the mechanism involved in and the feasibility of the AB80 adsorption process. Different relevant thermodynamic parameters, such as the Arrhenius activation energy ( ), activation enthalpy change (Δ * ), activation entropy change (Δ * ), and free energy change (Δ * ), were estimated, and the results are reported in Table 6 .
The values of were found to be 12.75 and 24.32 kJ mol
when initial AB80 concentrations of 30 and 120 mg L −1 were used, respectively. The magnitude of is commonly used to obtain information regarding whether the adsorption process is physical (physisorption) or chemical (chemisorption). value for physical adsorption is usually not higher than 4.184 kJ mol −1 , whereas for chemical adsorption it is between 8.4 and 83.7 kJ mol −1 [50] . Therefore, Cu-TiO 2 adsorbs AB80 molecules by a chemical adsorption reaction, which agrees with the results of the kinetics and isotherm experiments described above. Δ * values were positive (10.17 and 21.71 kJ mol −1 ) at the two initial AB80 concentrations tested (30 and 120 mg L −1 ), which further confirms that the AB80 adsorption reaction is endothermic. The values of Δ * were −0.06 and −0.027 kJ mol −1 K −1 at initial AB80 concentrations of 30 and 120 mg L −1 , respectively. The negative Δ * values indicate the association of AB80 molecules with active Cu-TiO 2 sites, which leads to the formation of a stable chemical complex on the Cu-TiO 2 surface. These values also indicate that no significant change occurs in the internal structure of the adsorbent during the adsorption process [30, 58] . This also confirmed the affinity of Cu-TiO 2 for AB80 [39] .
Moreover, at all assayed initial AB80 concentrations and temperatures, Δ * values were positive (28.04-30.84 kJ mol −1 ), which indicated that the adsorption process of AB80 onto the active adsorption sites offered by Cu-TiO 2 was not spontaneous in nature and therefore needs to be driven by an outside source of energy [4] .
Conclusions
A Cu-TiO 2 photocatalyst was synthesized and characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), energy dispersive X-ray spectroscopy (EDS), and UV-Vis scanning spectroscopy, as well as in terms of specific surface area and pore size distribution; in addition, its ability to remove AB80 from aqueous solutions by adsorption was investigated.
It was found that the modification of TiO 2 with Cu reduced the energy of band gap from 3.18 to 2.3 eV. Both anatase and rutile phases are present in the Cu-TiO 2 composite and the Cu content of this composite is high.
The adsorptive removal of AB80 by Cu-TiO 2 was found to be strongly dependent on the solution pH, initial AB80 concentration, contact time, and temperature. The adsorption behaviors of AB80 on Cu-TiO 2 were described best with the pseudo-second-order kinetics model and the Langmuir isotherm model. Thermodynamic parameters confirmed the endothermic and nonspontaneous nature of the AB80 adsorption process.
